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Pulmonary hypertension can be due either to transmission of increased left atrial pressure
(passive pulmonary hypertension), to increased pulmonary blood flow (hyperkinetic pulmonary
hypertension), or to increased pulmonary vascular resistance caused by increase in vascular tone
(active pulmonary hypertension) or by anatomical narrowing of the vascular bed. In mitral
stenosis most of the patients have passive pulmonary hypertension but in 10-20 per cent of those
studied by means of heart catheterization the pulmonary arterial pressure is increased out of propor-
tion to the height of the left atrial pressure with a low cardiac output. This has been interpreted
as due to active constriction of the small pulmonary arteries in an effort to protect the capillaries
from the high pressure (protective pulmonary hypertension).

The rapid injection of 1-2 mg. of acetylcholine in the pulmonary artery of patients with a variety
of heart disorders, notably mitral stenosis with pulmonary hypertension, sometimes lowered
the pulmonary artery pressure, indicating the functional nature of the increased pulmonary
arterial pressure (Harris 1957).

Fritts et al. (1958) have demonstrated that the increase of pulmonary arterial pressure that is
caused by breathing a gas mixture with low oxygen content can be abolished by a simultaneous
infusion of acetylcholine in a dose sufficiently small to be destroyed before it reaches the general
circulation: in this way the influence of acetylcholine on the peripheral vascular bed is avoided.
In order to investigate the nature of the pulmonary hypertension in mitral stenosis, Wood et al. (1957)
used acetylcholine to differentiate between functional and anatomical changes. They gave 1-0-
2-0 mg. acetylcholine rapidly in the pulmonary artery to nine cases of mitral stenosis with active
pulmonary hypertension and found a decrease of pressure with unchanged cardiac output: at the
same time the left atrial pressure increased somewhat. This was used as evidence that the pul-
monary hypertension was protective and at least initially of a functional nature.

The present study was undertaken in view of the importance of the nature of pulmonary hyper-
tension in those cases of mitral stenosis referred to operation. To test the validity of the theory
of the protective nature of the increased pressure, the influence of an infusion of acetylcholine on
pulmonary pressures and blood flow was studied both at rest and during exercise in a way that
insured steady state conditions.

METHODS

The patients were studied in the morning, recumbent and in the post-absorptive state. The pulmonary
artery was catheterized according to Cournand. A double lumen catheter was always used. A polyethylene
catheter was placed in the brachial artery. After these procedures were completed the patient rested for
approximately 30 minutes. Pressures were then recorded in the wedge position, in the pulmonary artery,
the right ventricle and auricle, and the brachial artery. Cardiac output was determined according to the
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direct Fick principle, with simultaneous collection of expired air and sampling of pulmonary arterial and
brachial arterial blood. The oxygen content in the air was determined on a Haldane apparatus and in the
blood with a Beckman photometer.

After the basal observations had been made acetylcholine was infused in the pulmonary artery under
continuous recording of blood pressures. The dose was increased until some effect was noted on the
pulmonary arterial pressure (3 to 14-5 mg./min.). During constant infusion of this dose the cardiac
output was again determined and pressures registered, after which the infusion was interrupted.

After 10-15 minutes of rest, still in the recumbent position, an exercise test was done using an electrically
braked bicycle. The patient usually performed about 100 kg./min. When a steady state had been reached
(after 5-7 min.) pressures were recorded and the cardiac output determined. With the patient continuing
the exercise, the acetylcholine infusion was again started using the same amount of acetylcholine as the
highest previous dose. The cardiac output was then again determined and blood pressures registered.
After that, the exercise was interrupted and the infusion stopped. In some patients the study was ended
with another cardiac output determination.

Pressures were recorded using an Elema strain gauge, and mean pressure was obtained with electrical

integration. In three patients the carbon dioxide partial pressure was determined in the arterial blood,
using a modified Astrup technique.*

The physical characteristics of the patients are listed in Table I. Each had been referred to

the hospital for evaluation of operability. Subject 18/57 was found to have pure mitral
regurgitation at operation.

TABLE I
CLINICAL DATA OF 13 PATIENTS WITH MITRAL VALVULAR DISEASE
Case No. | Sex | Age | BSA | Heart volume | Group* Diagnosis
m2 m2 BSA

18/57 F 36 | 1-74 930 III MI AF
20/57 F 46 | 1-71 520 1I MI +MS AF
37/57 M | 46 | 2:06 800 1T MS+AS SN
41/57 F 48 1-54 780 11 MS AF
42/57 F 50 | 1-75 650 11 MS SN
46/57 F 54 | 175 500 1I MS AF
47/57 F 43 1-67 810 11 MS+AS
50/57 F 45 1-77 570 11 MI +MS AF
56/57 M | 46 1-62 690 11 MS +Spondylarthritis SN
58/57 F 37 | 1-86 490 11 MS+MI SN
4/58 F 41 1-75 710 11 MS AF
6/58 M| 4 | 159 500 11 MS SN

8/58 F 55 | 159 610 1T MS AF
MS=Mitral stenosis. SN =Sinus rhythm.

MI=Mitral insufficiency. AF=Atrial fibrillation.

AS=Aortic stenosis.

* Classification according to the American Heart Association.

RESULTS

Table II gives the figures for blood flow, oxygen saturation, and blood pressures at rest and
during infusion of acetylcholine in varying amounts. The cardiac output stayed the same or rose
somewhat, the oxygen saturation and the pressure in the pulmonary artery decreased, usually with no
change of heart rate or brachial arterial pressure.

Table ITI contains the same data during exercise before and during the infusion of acetylcholine.
The cardiac output varied only slightly with no change in brachial arterial pressure, but with a
decrease in arterial oxygen saturation and pulmonary arterial pressures.

* Ass. Prof. S. Stenhagen helped us with these determinations.
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TABLE II

RESPIRATORY AND CARDIAC DATA BEFORE, DURING, AND AFTER A CONSTANT INFUSION OF ACETYLCHOLINE AT REST

Case No. Heart rate | Vo, A-Vo,| CO Sao, | Pea | Pea |A. chol. dose*| PCV
18/57 B 116 0-239 81 3-0 96-7 80 116 — 17
D 115 0-217 73 30 980 46 111 11-5
D 100 0230 64 36 94-4 47 109 145

20/57 B 110 0-240 53 45 97-0 29 123 —
D 118 — — — 94-2 31 128 65
D 110 0-231 56 41 94-3 29 130 12
D 110 — — — 929 28 127 14-5
37/57 B 80 0-313 48 65 966 37 94 — 25
D 78 — — — 92-8 33 82 8
D 74 — 42 — 84-5 30 84 12
A 70 — — — 957 33 87 —
41/57 B 70 0212 56 3-8 95-0 41 101 — 22
D 84 0-225 52 43 91-5 34 107 45
D 85 0-211 56 3-8 90-4 39 110 65
A 78 0-217 60 36 96-4 41 108 —
42/57 B 76 0-235 46 51 95-1 21 98 — 15
D 110 0-233 38 61 76:9 22 101 4
A 76 0-228 49 417 959 31 110 —
46/57 B 63 0-197 37 53 98-5 16 104 — ‘ 12
D 68 — — — 937 18 105 35 |
D 74 0-205 36 57 89-8 20 95 65 l
A 68 0-198 42 47 99-8 18 94 — ‘
47/57 B 70 0-235 49 4-8 969 29 118 — 11
D 72 0-225 52 43 950 21 108 45
50/57 B 70 0199 45 44 97-0 24 93 e 22
D 83 0-214 41 52 95-9 22 83 25
56/57 B 78 0-230 51 4-5 946 23 84 — 14
D 70 0244 48 51 92:0 14 87 32
58/57 B 85 0-285 50 57 97-1 45 95 — 27
D 84 0-295 46 64 93-4 31 84 80 24
Mean B 82 0-239 52 4-8 96:7 345 103 — 18
D 86 0-232¢% 48 4-8% 90-7 275 99 74 —
P values
for diff. B-D >0-05 >0-05 >0-05 | >0-05 0-001 0-05 | >0:05
Vo,=O0xygen uptake STPD Ppa=Mean pulmonary artery pressure *=Values representing the
A-Vo,=Arterio-venous oxygen difference Pg, =Mean brachial artery pressure highest dose of acetyl-
CO=Cardiac output PCV =Pulmonary capillary venous pressure choline with complete
Sap,=Arterial oxygen saturation B=Before D=During hzmodynamic study
A=After acetylcholine infusion +=Only 9 observations

Table IV gives the result from three patients where the carbon dioxide partial pressure was
determined in the arterial blood under the same circumstances. There was usually a slight decrease
in the carbon dioxide partial pressure when acetylcholine was infused.

The data presented in Tables II-1V indicate a more pronounced effect of acetylcholine during
light work than at rest. However, there is no difference as to the trends in the various components
investigated and the discussion will be limited to the effects during exercise. The immediate
response to acetylcholine is shown in Fig. 1. The delay observed is mainly due to incomplete filling
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TABLE III

RESPIRATORY AND CARDIAC DATA, DURING EXERCISE, BEFORE AND DURING A CONSTANT INFUSION OF ACETYLCHOLINE

Case No. 1 . Heart rate ‘ Vo, | A-Vo,  CO Sao, Ppa ‘ Pa | A.chol. dose
18/57 B 150 0530 | 144 = 37 99-2 86 | 86
| D ‘ 152 l 0-539 i 119 | 45 93-0 - 63 83 14-5
20/57 B 160 0705 \ 117 | 60 969 42 126
| D 142 ‘ 0586 107 i 55 961 29 127 140
37/57 . B ‘ 100 0704 78 ! 90 95-2 49 103
D 100 0-703 73 i 96 887 37 95 60
41/57 ‘ B 128 0459 112 | 41 96-6 63 113
D 132 0417 91 | 46 88-7 52 105 35
42/57 B 116 0555 i 79 | 70 94-8 49 115
D 140 ] 0515 | 64 | 80 80-4 32 ' 117 35
46/57 ‘ B 112 0547 ‘ 88 62 99-0 ’ 43 123
. D 121 | 0703 94 1 75 97-6 Lo32 112 35
47/57 ‘ B 86 ‘ 0-414 93 4-5 96-4 - 46 120
- D 106 0573 | 93 62 94-4 | 36 121 45
50/57 B 72 - 0396 67 | 59 97-1 38 103
D 80 | 03% | 67 ‘ 59 953 | 33 | 106 25
56/57 | B 110 . 0764 } 9% | 80 955 48 100
| D 110 0-760 i 103 7-4 93-1 42 97 4-5
| I
5857 B 1 124 0573 . 80 | 72 981 67 96
‘ D } 115 ;0561 . 68 | 83 860 52 115 80
Mean ‘ B 116 0-565 % 95 62 969 53 110
- D ‘ 120 0575 88 68 91-3 . 41 108
P values | ‘ ; \ }
for diff. | B-D = >005 >005 | >005 | 001 { 0001 '0001| >005
| | i .
Vo,=O0xygen uptake STPD _f’pA=Mean pulmonary artery pressure B=Before
A-Vo,=Arterio-venous oxygen difference Pg,=Mean brachial artery pressure D=During
CO=Cardiac output PCV =Pulmonary capillary venous pressure A=After acetylcholine in-
Sa02=Arterial oxygen saturation fusion

of the catheter with acetylcholine solution at the start. In those eight cases where continuous
records were taken during the first minutes of acetylcholine infusion, the values representing the
Ist and 5th minutes of infusion were chosen to illustrate the immediate response to acetylcholine.
These data are presented as means in Fig. 2.

The pressure in the pulmonary artery shows a highly significant decrease during acetylcholine
infusion. This pressure decrease is out of proportion to the very slight decrease in pulmonary
capillary venous pressure found in Cases 4 and 6/58. These findings correspond closely to those
reported by Fritts ez al. (1958) in normal subjects during hypoxia.

Both at rest and work the cardiac output tends to increase during acetylcholine infusion. This
tendency is barely significant at rest but during work would occur by chance less often than 1 in 100
times. At the same time the arterio-venous oxygen difference tends to decrease but this change is
not statistically significant (p>0-05).

Heart rate is apparently not affected by acetylcholine infusion (p>0-05 both at rest and during
work). However, in those cases where the oxygen saturation decreased to below 85 per cent, the
heart rate increased but the observations were too few to be significant.
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TABLE IV

RESPIRATORY AND CIRCULATORY DATA IN 3 PATIENTS WITH MITRAL STENOSIS AT REST, DURING EXERCISE, BEFORE AND
DURING THE INFUSION OF ACETYLCHOLINE

Case No. Heart rate | Vo, | A-Vo, |CO| Sao, Pra | Ppa Acetyl- | PCV PaCo, | Vp/Vr
diff. choline
mg./min. l
4/58 | Rest 84 0-236 56 | 42| 997 29 136 — 19 370 26
78 — — — | 984 24 145 45 14 — —
; 80 0-250 58 |43 990 23 125 80 14 375 27
‘B 190 0-521 116 |45 984 45 135 — 26 32-8 14
Ex.
D 196 0-511 105 |49 | 984 44 114 80 21 30-6 12
6/58 | B 75 0-231 38 |61 982 17 96 — 11 482 47
Rest
D 82 0-238 41 |58 973 11 86 45 9 47-0 50
B 106 0-696 88 79| 992 25 95 — 14 52-0 34
Ex.
D 125 0-783 81 97| 974 18 98 55 13 435 26
8/58 | B 78 0192 47 41| 977 19 109 — 9 490 41
Rest
D 78 0-189 42 45| 919 17 112 55 9 42-5 37
B 121 0-686 108 |64 | 940 51 122 — 29 45-1 29
Ex.
D 127 0-679 9 |71 942 40 111 55 29 41-2 22
Vo,=Oxygen uptake STPD I’pA=Mean pulmonary artery pressure B=Before
A-Vo;,=Arterio-venous oxygen difference Pp, =Mean brachial artery pressure D=During
CO=Cardiac output PCV=Pulmonary capillary venous pressure A=After acetylcholine in-
Sap,=Arterial oxygen saturation fusion

The effect on the pulmonary ventilation and arterial oxygen saturation contrast with each other.
Though the ventilation increases slightly (p=0-05-0-01) at a constant oxygen consumption, the
arterial oxygen saturation decreased markedly (p=0-001). The data in Table IV indicate rather a
hyperventilation as shown by the ratio of the dead space ventilation to total ventilation.

These data can be compared to the results during hypoxia and room air breathing reported by
Fritts et al. (1958). In their cases no change in pulmonary ventilation could be observed, but during
hypoxia there was an increased desaturation of the arterial blood.

DiscussioNn

Infusion of acetylcholine in the pulmonary artery of patients with mitral stenosis caused a de-
crease of pulmonary arterial pressures both at rest and during exercise. The present study thus
confirms the findings of Harris and of Wood ef al. that the pulmonary arterial blood pressure can
be lowered by acetylcholine in certain cases. In our cases, however, the effect was equally well
demonstrated in patients with an almost normal pulmonary artery pressure at rest, when the investi-
gation was repeated during light exercise. Thus there seems to be no fundamental difference as
regards the action of acetylcholine between cases with a high or normal pulmonary artery pressure
as postulated by Harris. We could further demonstrate that the cardiac output usually increased,
when it was measured under steady state conditions, thus confirming a decrease in pulmonary
vascular resistance after acetylcholine. It is, however, impossible from our data, as well as from
those of Wood or Harris, to know if this decrease is due to counteraction of the drug against the
mechanism that increases the pressure during the evolution of the disease.
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FiG. 1.—Blood pressure in the brachial and pulmonary artery in Case No. 42/57 recorded with
lead II when the infusion of 3-5 mg. acetylcholine/min. starts.

The increase of pulmonary arterial pressure and of pulmonary vascular resistance during exercise
in patients with mitral stenosis, which has been demonstrated by several authors, has sometimes been
thought to be due to increased vascular tone. 1In the present study this increase in pressures could
be counteracted to a certain degree by the administration of acetylcholine. There was, however,
never complete suppression of pressure rise during these conditions. The increase in pressure in
the pulmonary artery during exercise, remaining during the infusion of acetylcholine, may be due
partly to the increased heart rate causing a decrease in the filling time of the left ventricle, i.e. a
passive pulmonary hypertension and partly to a constriction of the pulmonary vascular bed. The
degree of each component cannot be quantitatively estimated at present.

There are in the present study findings to indicate that the action of acetylcholine is not solely
a counteraction against an active increase in vascular tone of the pulmonary circuit. The demon-
stration that acetylcholine gave a rapid decrease of the arterial oxygen saturation, both at
rest and during exercise, is a new finding of importance for the evaluation of its action on the
lungs. This change in arterial oxygen saturation must be due to a shift in the ventilation—perfusion
ratio of the lungs. This could be caused by an increase in dead space ventilation or to increase of
intrapulmonary shunts (increased blood flow through poorly ventilated areas). It seems improbable
that such a decrease in oxygen saturation as 7 per cent (mean value) could be caused solely by increase
in dead space ventilation, especially as the total ventilation was only slightly increased and the ventila-
tion per litre oxygen consumption only showed minor changes. It is furthermore impossible that
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Fig. 2.—Mean exercise values of heart rate, respiratory rate, and blood pressures
in the brachial and pulmonary artery before, and after, the first minute and the
fifth minute of acetylcholine infusion in eight patients with mitral valvular disease.

the infused acetylcholine could have any action on the bronchial muscles as it was given in such a
low dose as not to give any effect on the systemic circulation. These assumptions were supported
by the results in the three cases in which the carbon dioxide partial pressure was determined. In
these cases a slight decrease in this pressure was noted during infusion of acetylcholine at the same
time as a decrease in the ratio Vp/Vy was observed. The same effects were noted in the h@mo-
dynamic studies as in the other cases but the effect on oxygen saturation was less evident. However,
in Case 6/58 acetylcholine gave a marked decrease in arterial oxygen saturation at rest, with the same
findings as in the other two cases regarding ventilation and carbon dioxide pressure.

The most probable action of acetylcholine in these patients seems thus to be an increase in the
intrapulmonary shunting of blood. The explanation of this action is probably that in certain parts
of the lungs an alveolar hypoventilation exists, and this affects the vascular bed through a hypoxic
stimulus causing a functional restriction of it. This situation corresponds to the compensated form
of non-uniform ventilation to blood-flow ratios as described by Comroe ef al. (1957). When acetyl-
choline is infused in a steady state, vasodilation occurs and the non-uniform ventilation to blood-flow



8 SODERHOLM AND WERKO

ratio is revealed. At the same time the pulmonary arterial pressure decreases because of the in-
creased area of the vascular bed. The changes found would thus be the result of interference with
a definitely established physiological mechanism rather than any influence on a‘presumed “protective”
vasoconstriction.

The decrease of arterial oxygen saturation is not without importance for the circulation. It
seems probable that the increase in heart rate and cardiac output observed in some cases might be
due to the arterial unsaturation.

SUMMARY AND CONCLUSION

Acetylcholine was given in the pulmonary artery at a constant rate in a dose of 3 to 14-5 mg./min.
to 13 patients with mitral valvular disease. The cardiac output and pressures in the pulmonary
and systemic circuit were determined before the start of infusion and during the infusion. The
observations were repeated twice in every patient, the first determinations made at rest and the
second when the patient performed a slight exercise (about 100 kg./min.) at a steady rate. The
two periods were separated by 15 minutes rest, when no acetylcholine was given.

During the infusion of acetylcholine, both at rest and exercise, the cardiac output was higher,
and the pulmonary arterial pressure and the arterial oxygen saturation lower than at the control
observations. These differences were significant statistically. There was no significant difference
regarding heart rate, oxygen consumption, or brachial arterial pressure.

These findings can be explained as due to the interference by acetylcholine with an adjustment
of the pulmonary vascular bed to a hypoxic stimulus caused by an alveolar hypoventilation in some
parts of the lungs. No observations during the present study necessitate the hypothesis of an active
pulmonary hypertension to protect the capillaries from an excessive pressure as suggested by various
authors.

Further studies are indicated in order to clarify the mode of action of acetylcholine on the
pulmonary circulation in patients with heart disease.
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